Objectives: Investigation into the adenylylation of the nucleophilic serine in AmpC BER and CMY-10 extendedspectrum class C b-lactamases.
Introduction b-Lactam antibiotics are the most frequently prescribed antimicrobial agents. 1 However, their clinical application is challenged by the emergence and dissemination of bacterial resistance to these antibiotics. Expression of b-lactamases is a pervasive mechanism of resistance of bacteria to b-lactam antibiotics. b-Lactamases inactivate b-lactam antibiotics by opening the four-membered b-lactam ring that is essential for their efficacy. Efforts to evade b-lactamase-mediated inactivation led to the development of structurally diverse b-lactam antibiotics. [2] [3] [4] However, pathogens have evolved to express novel b-lactamases that are able to hydrolyse all kinds of b-lactam antibiotics. 5, 6 b-Lactamases are divided into four classes, A, B, C and D, based on sequence homology. 7 Class C b-lactamases are widely distributed among Gram-negative pathogens and are responsible for bacterial resistance to a broad spectrum of b-lactam antibiotics. Especially, extended-spectrum (ES) class C b-lactamases are capable of hydrolysing diverse b-lactam antibiotics, including cephamycins (cefoxitin and cefotetan), oxyimino cephalosporins (ceftazidime, cefotaxime and ceftriaxone), monobactams (aztreonam) and even imipenem. 5, 8, 9 The active site conformations of ES class C b-lactamases are modified by insertion, deletion or point mutations compared with those of their narrow-spectrum progenitors, and are directly related to their extended substrate range. 6 After the first identification of an ES class C b-lactamase in the Enterobacter cloacae clinical isolate GC1, 10 several chromosomal or plasmidic ES class C b-lactamases have been reported in Enterobacteriaceae (Klebsiella, Escherichia coli, Salmonella) and the Pseudomonas aeruginosa TUH1529 isolate. 5, 9, 11 The development of b-lactamase inhibitors is an effective strategy to cope with b-lactamase-mediated drug resistance. In fact, four b-lactamase inhibitors (clavulanate, sulbactam, tazobactam and avibactam) are clinically used in combination with b-lactam antibiotics (e.g. amoxicillin/clavulanate, ticarcillin/clavulanate, ampicillin/sulbactam, piperacillin/tazobactam, cefoperazone/sulbactam and ceftazidime/avibactam). These clinical inhibitors are especially active against class A enzymes, displaying much less or no effect on other classes of b-lactamases except for avibactam, which also inhibits class C and some class D b-lactamases. 3, [12] [13] [14] [15] [16] In addition, b-lactamases resistant to the existing inhibitors are emerging, 17 highlighting the need to develop novel inhibitors. In this article, we describe the structure-guided discovery of the adenylylation-mediated inhibition of class C b-lactamases, and present structural and kinetic analyses of this inhibition mode.
Materials and methods

Enzyme preparation and crystal structure determination
Detailed procedures for cloning, expression, purification, crystallization, data collection and crystal structure determinations are described in Supplementary Materials and methods (available as Supplementary data at JAC online).
Purification of b-lactamases by m-aminophenylboronic acid (mAPBA) resin
Adenylylated and unadenylylated forms of AmpC BER and CMY-10 were separated by using mAPBA resin (Sigma, USA; Table S1 ). Briefly, purified AmpC BER (20 mg) or CMY-10 (20 mg) was mixed with mAPBA resin (2 mL). The unadenylylated enzymes with intact nucleophilic serines bound to the resin and were eluted using a buffer containing 500 mM sodium borate, pH 7.0, and 500 mM sodium chloride, whereas the adenylylated enzymes passed through the resin. After the final purification step with mAPBA resin, intact nucleophilic serines of unadenylylated AmpC BER and CMY-10 were confirmed by MS analyses (Table S1 , available as Supplementary data at JAC Online). Adenylylated and unadenylylated enzymes were also verified by monitoring time-dependent nitrocefin hydrolysis at 486 nm (e " 20 500 M #1 cm #1 ) using a SpectraMAX Plus spectrophotometer (Molecular Devices, USA; Figure  S1 ). Except for NDM-1 (a class B enzyme with no nucleophilic serine), all b-lactamases used in this study were purified by using mAPBA resin to clarify their intact nucleophilic serines.
Stability of adenylylated nucleophilic serine and reactivation assays
Unadenylylated AmpC BER (4 lM) and CMY-10 (4 lM) were incubated with 500 lM 5 0 -(P-acetyl)monophosphate (acAMP) in a buffer of 20 mM MES, pH 6.5, for 2 h at room temperature. Excess acAMP was removed by ultrafiltration and subsequent washing steps. To examine the stability of the adenylylated nucleophilic serine, the resultants were incubated for 5 days at room temperature and then subject to MS analyses.
The reactivation of inactivated AmpC BER and CMY-10 was monitored using a jump dilution method. 18 Unadenylylated AmpC BER (8 lM) and CMY-10 (4 lM) were completely inactivated by 200 lM avibactam, 500 lM acAMP or 5 mM clavulanate for 2 h at room temperature. To remove excess inhibitors, the inactivated enzymes were immediately diluted 8000-fold in a buffer (50 mM MES, pH 6.5) with or without inhibitors. The reactivation of the enzyme activity was measured in a solution containing 100 lM nitrocefin for 16 h (CMY-10) or 18 h (AmpC BER).
Inhibition assays
To test the inhibitory effect of AMP-containing compounds ( Figure S2 ) against b-lactamases, AmpC BER (0.4 nM), AmpC EC2 (0.2 nM), CMY-10 (0. 2 nM), CMY-2 (0.2 nM), NDM-1 (0.4 nM), KPC-2 (0.2 nM), TEM-1 (0.5 nM), OXA-10 (0.2 nM) and OXA-48 (0.2 nM) were preincubated with each compound (2 mM) in a 50 mM MES, pH 6.5, buffer at room temperature for 5 min. Then, enzyme activity was measured after the addition of 100 lM nitrocefin at 486 nm for 1 h. The measured enzyme activities were quantified based on a percentage according to the following equation: (v i /v 0 % 100), where v i and v 0 are the initial velocity in the presence and absence of AMP-containing compounds, respectively.
To determine kinetic constants of acAMP, avibactam and clavulanate, the hydrolysis of nitrocefin by AmpC BER (0.4 nM) or CMY-10 (0.2 nM) was continuously observed in the presence of 20-400 lM acAMP, 0.5-25 lM avibactam or 500-3500 lM clavulanate. Their inhibition modes were fitted to a two-step model (Equation 1): 16, 19 
In the case of acAMP, k #2 is zero because there was no dissociation of the covalent E-I complex (see the Inhibition kinetics of acAMP section in the Results and discussion section).
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Time courses were fitted to Equation 2 to obtain the pseudo-first-order rate constant, k obs :
where [P] is the concentration of the product, v 0 and v s represent the initial and final reaction velocity, respectively, and t is time. 19, 21 When a saturation curve was obtained from the k obs versus [I] graph, k obs was fitted to Equation 3 to obtain the values of k inact and K I that represent the maximum rate of inactivation and the inhibitor concentration that yields half the maximum rate of inactivation (1/2 k inact ), respectively.
20,22
When the plot of k obs versus [I] was linear, k obs was fitted to Equation 4 to obtain the value of k 2 /K 21,22 that corresponds to the slope of the graph, where
k inact /K I and k 2 /K are the second-order rate constants that are generally used for comparing inhibitor efficiencies. 22 The reported value for the k obs versus [I] slope includes an adjustment for the (1 ! [S]/K m ) term to account for the nitrocefin substrate concentration ([S] " 100 lM, K m of 34.9 lM for AmpC BER and 20.8 lM for CMY-10). 19, 22, 23 The reported values were calculated using Origin software (OriginLab, USA).
Antimicrobial susceptibility testing
The MIC values were determined by using the broth microdilution method with an inoculum of 5 % 10 5 cfu/mL according to CLSI guidelines. 24, 25 Avibactam, acAMP and clavulanate were tested for synergy with the thirdgeneration b-lactam ceftazidime against a clinically isolated E. coli
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producing AmpC BER 11 and three ceftazidime-resistant clinical isolates (Enterobacter aerogenes, Klebsiella pneumoniae and Acinetobacter baumannii). The MIC value of ceftazidime in combination with avibactam had been determined with the recombinant E. coli TOP10 strain transformed by a plasmid encoding the ampC BER gene. 26 The lowest concentration of ceftazidime that prevented visible bacterial growth after overnight incubation at 37 C was taken as the MIC.
Results and discussion
Adenylylated serine in the active site of AmpC BER AmpC BER from an E. coli clinical isolate is an ES class C enzyme with a two-residue insertion in the H10 helix (residues 289-296) compared with its progenitor AmpC EC2. 9 According to the crystal structure (Table S2) , it adopts a two-domain structure with the active site at the domain interface (Figure 1a ), similar to other class C b-lactamases. Hereafter, residues are numbered according to the canonical numbering of E. cloacae P99 AmpC. 27 An a/b domain (residues 5-81 and 169-363) has a central sheet sandwiched by helices and an a-helical domain (residues 82-168) is exclusively composed of helices.
Class C enzymes have a nucleophilic serine that attacks the carbonyl carbon of the b-lactam ring to open the ring. From the initial stage of refinement, we observed a well-defined electron density directly connected to the nucleophilic serine (Ser-64) (Figure 1b and c). Since we added no substrates or inhibitors during purification and crystallization, the observation of an adduct was unexpected. Interpretation of the 1.76 Å resolution electron-density maps revealed that the nucleophilic Ser-64 is adenylylated. The hydroxyl oxygen of Ser-64 is covalently linked to the phosphorus atom of AMP (Figure 1b and c) . This is further supported by electrospray ionization-tandem MS (ESI-MS/MS). The tryptic peptides containing Ser-64 (   51   KQPVTQQTLFELGSVSK   67 ) were detected as two peaks: one with the expected m/z value (60.9%, m/z " 945. 4 and 630.7 for doubly and triply charged ions, respectively) and the other with a 329 Da mass shift corresponding to the mass of phosphoadenosine (39.1%, m/z " 1110.0 and 740.4 for doubly and triply charged ions, respectively) ( Figure S3 and Table S1 ). MS/MS analysis of the peptide with a 329 Da mass shift (m/z " 1110.0) ( Figure S3 ), together with crystallographic observation (Figure 1b  and c) , showed that Ser-64 is the adenylylation site. Since we had not been aware of the existence of two mass isoforms of recombinant AmpC BER, we had used the mixture for crystallization. Therefore, it appears that only adenylylated AmpC BER was crystallized in our crystallization condition. Consistently, occupancy refinement revealed that the occupancy of the AMP adduct is 1.00.
We obtained AmpC BER from cells cultured in M9 minimal media and also observed the adenylylated Ser-64 in this preparation (Table S1 ), indicating that the AMP adduct did not originate from the LB medium that was originally used to obtain recombinant AmpC BER. It is notable that adenylylation of nucleophilic serine was also reported in the cytoplasmically expressed class C b-lactamase FOX-4. 28 In the case of periplasmically expressed FOX-4, however, no adenylylation was observed, suggesting that the source of the AMP adduct is an AMP-containing metabolite in the cytoplasm. Considering that b-lactamases are periplasmic proteins, the intentional deletion of signal peptides of AmpC BER and FOX-4 to locate them in the cytoplasm is highly likely to be responsible for their biologically irrelevant encounter with cytoplasmic AMP-containing metabolites. Consequently, the adenylylation of b-lactamases is not likely to occur in the native host and thus the observed adenylylation of AmpC BER and FOX-4 is probably artefactual rather than having biological implications. Hereafter, AmpC BER adenylylated in the cytoplasm is referred to as AmpC BER-CA to discriminate it from AmpC BER adenylylated by acAMP (see below). The phosphorus atom of AMP is surrounded by four oxygen atoms, including the hydroxyl oxygen of Ser-64 in a tetrahedral arrangement ( Figure S4 ). 5 0 -Hydroxyl oxygen is hydrogen-bonded to Lys-67 and one terminal oxygen atom (O1) makes hydrogen bonds with the backbone -NH groups of Ser-64 and Ala-320 ( Figure S4 ). The other terminal oxygen atom (O3) directly interacts with the hydroxyl group of Tyr-150 and forms water-mediated interactions with Asn-348 and Arg-351 ( Figure S4 ). Similar tetrahedral arrangements around the phosphorus atom were also observed in covalent adducts formed between phosphonate inhibitors and the nucleophilic serine of b-lactamases. [29] [30] [31] [32] [33] [34] [35] The tetrahedral geometry with one oxygen atom at the oxyanion hole resembles the tetrahedral intermediate of the acylation part of the b-lactamase-catalysed reaction.
The ribose ring is packed against the aromatic ring of Tyr-221 with its 3 0 -OH hydrogen bonding with the backbone -CO group of Ala-320 ( Figure S4 ). The 2 0 -OH of the ribose makes a hydrogen bond with a nearby sulphate ion that is a component of the mother liquor for crystallization: the sulphate ion directly interacts with the backbone -NH groups of Ser-212 and Gly-322, and forms water-mediated interactions with the side chain of Glu-61 and the backbone -CO group of His-210 ( Figure S4 ). The ribose ring oxygen (O4 0 ) is 4 Å away from the side-chain amide nitrogen atom of Asn-152 ( Figure S4 ). The pyrimidine ring and the imidazole ring in the adenine moiety make van der Waals contact with the side chains of Gln-120 and Tyr-221, respectively ( Figure S4) . NH 2 at C-6 interacts with the side-chain carboxylate oxygens of Asp-123 and Gln-120 and the backbone -CO group of Val-121. N7 forms a water-mediated interaction with the backbone -NH group of Val-121 ( Figure S4 ).
Inhibitory activities of AMP-containing metabolites
The accommodation of AMP in the active site led us to test whether AMP-containing compounds ( Figure S2 Kim et al.
enzymes (AmpC BER and CMY-10) and their progenitors (AmpC EC2 and CMY-2). 11 Interestingly, most compounds reduced nitrocefin hydrolysis by .20%, which showed the inhibition efficacy of the AMP moiety towards class C enzymes (Figure 2) . Additionally, to test the inhibition spectrum of these compounds, we performed the same inhibition experiments with class A (KPC-2 and TEM-1), class B (NDM-1) and class D (OXA-10 and OXA-48) enzymes. Some compounds were effective on KPC-2, only acAMP showed weak inhibition activities against OXA-10 and OXA-48, but all tested compounds failed to exhibit clear inhibition activities against TEM-1 and NDM-1 ( Figure S5 ). Overall, the tested AMP-containing compounds were more effective on class C enzymes than other classes.
Adenylylation of nucleophilic serine in AmpC BER and CMY-10 by acAMP acAMP is a cytosolic metabolite 36 composed of adenosine-phosphate-acetyl (Figure 3) . If the nucleophilic serine attacked the phosphorus atom of the phospho-carboxylic anhydride bond between phosphate and acetyl, the AMP moiety of acAMP would be transferred to the nucleophilic serine, releasing acetyl ( Figure 3 ). Taken together, acAMP, which can be synthesized through a simple reaction ( Figure S6) , 37 was an ideal molecule to demonstrate the covalent attachment of AMP to the serine, as observed in the crystal structure of AmpC BER-CA.
Although KPC-2, OXA-10 and OXA-48 were slightly inhibited by acAMP, class C b-lactamases, particularly ES class C b-lactamases, were significantly inhibited by acAMP. As a first step towards verifying acAMP-mediated adenylylation, therefore, we determined the structures of unadenylylated AmpC BER and CMY-10 (Tables S1 and S2 ) with crystals grown in the presence of acAMP (Table S2) , and observed the anticipated AMP adduct covalently linked to the nucleophilic serine ( Figures S7 and S8) . The binding modes of the AMP adducts in these structures are virtually identical to that in the crystal structure of AmpC BER-CA ( Figures S4 and  S9 ). This result supports our assumption that the source of the AMP adduct observed in the crystal structure of AmpC BER-CA (Figure 1 ) is an AMP-containing metabolite in the cytoplasm, although we cannot specify acAMP as the metabolite responsible for the observed adenylylation at this stage.
Inhibition kinetics of acAMP
According to the stability test, the adenylylated serines of AmpC BER and CMY-10 were maintained for 5 days (Table S1) . Consistently, AmpC BER and CMY-10 completely inhibited by acAMP displayed no reactivation during 18 and 16 h, respectively (Figure 4) , indicating the stable nature of the adenylate adduct. In contrast, the reactivation of AmpC BER and CMY-10 inhibited by avibactam was observed to follow a time-dependent course (Figure 4) , which is compatible with a previous study that avibactam is a covalent and reversible inhibitor. 19 The enzymes inhibited by clavulanate were also recovered in a time-dependent manner (Figure 4) .
After demonstrating that acAMP is a covalent irreversible inhibitor, we determined the observed first-order rate constant (k obs ) of AmpC BER and CMY-10 ( Figure 5 ). Plots of k obs as a function of [acAMP] are non-linear ( Figure 5 ), which is compatible Kim et al.
with a two-step inhibition mechanism (Equation 1). 22 The first step corresponds to the reversible non-covalent binding of acAMP to the active site. The second step involves irreversible adenylylation of the nucleophilic serine. 22 The inhibition efficiency (k inact /K I ) was obtained from the plots. The inhibition efficiencies of acAMP against AmpC BER and CMY-10 ( Figure 5 ) were $20-fold lower than those of avibactam (Table 1 and Figure 5 ). 17, 19 Interestingly, inhibition efficiencies of acAMP towards AmpC BER and CMY-10 were $20 and $70-fold higher than those of clavulanate (Table 1 and Figure 5 ), respectively. It is notable that non-linear plots of k obs versus [avibactam] presented in this study show the saturating inhibition of AmpC BER and CMY-10 by avibactam, since so far the plots of k obs versus [avibactam] for other b-lactamases were typically linear even at high avibactam concentrations. 16, 19, 21 Influence of acAMP on the MIC of ceftazidime
To investigate the influence of acAMP on the MIC of ceftazidime against bacteria expressing class C b-lactamases (Table 2) , we chose a ceftazidime-resistant E. coli clinical isolate producing AmpC BER 11 as a model cell. Although acAMP has no effect on MIC at low concentrations, 2 mM acAMP reduced the MIC values of ceftazidime by 50% (Table 2) . acAMP alone did not prevent bacterial growth at all even at 5 mM concentration, indicating that the metabolite has no cytotoxic activity. The MIC value of ceftazidime against the E. coli BER strain was reduced to 50% in the presence of 0.2 mM avibactam, whereas clavulanate had no effect on the MIC values even at 2.5 mM ( Table 2 ). The effective concentration of acAMP for reducing the MIC is $10 fold higher than that of avibactam, which is compatible with the observation that the inhibition efficiency (k inact /K I ) of acAMP towards AmpC BER is $20-fold Inhibition of class C b-lactamases by adenylylation JAC lower than that of avibactam (Table 1) . Comparing K I and k inact values of acAMP and avibactam (Table 1) , the different inhibition efficiencies of the two inhibitors seem to be more related to the disparity in the k inact values. Therefore, the effectiveness of acAMP would be substantially enhanced if its structure were appropriately modified to improve covalent bond formation.
We also performed antimicrobial susceptibility testing with clinically isolated Gram-negative bacteria (E. aerogenes, K. pneumoniae and A. baumannii), whose genes conferring b-lactam resistance have not yet been identified. acAMP at 2.5-5 mM reduced the MIC values of ceftazidime by $2-16-fold against the three clinical isolates (Table 2) , while avibactam was effective in reducing the MIC value by $10-fold at much lower concentrations (0.05 mM). Without information on the class of b-lactamases expressed in the three clinical isolates, it is difficult to elucidate the reason for the large disparity in effective concentration between class C-specific acAMP and avibactam, displaying a broad spectrum of effectiveness against class A, C and some D enzymes. 16 In conclusion, we discovered that class C b-lactamases accommodate AMP, a basic building block of RNA, and demonstrated that the adenylylation of the nucleophilic serine is effective in inhibiting the enzymes. Our findings suggest that acAMP is a lead compound for the development of non-b-lactam irreversible covalent inhibitors. The attachment of the adenosine moiety to the b-lactam ring or the diazabicyclooctane might also be applied to design new b-lactamase inhibitors. Atomic details of the interactions of AMP with the active sites of AmpC BER and CMY-10 will be invaluable for the structure-based optimization of the nucleotide scaffold, a natural chemical space that has been successfully exploited to develop drugs for cancer and viral diseases 38 but has never been explored in searching for b-lactamase inhibitors.
